Abstract: Settlement of soil layers during and after earthquake shaking is a major cause of damage to buildings and geotechnical structures. The available empirical design methods to consider seismically induced settlement focus on sands in dry or water-saturated conditions, and there is currently a gap in the basic understanding of the mechanisms of seismically induced settlements of partially saturated sands. An effective stress-based empirical methodology is proposed to estimate the seismically induced settlement of a free-field layer of sand in partially saturated conditions. This approach estimates the settlement by separately considering the volumetric strains caused by compression of void space during strong shaking (seismic compression) and dissipation of excess pore water pressures generated during earthquake shaking (postcyclic reconsolidation). A parametric evaluation of the methodology indicates that the small strain shear modulus, the parameters of the modulus reduction curve, the approach to estimate the upper bound on volumetric strain during liquefaction, and the pore water pressure generation parameter can have significant impacts on the predicted settlement. The model predictions were validated using results from a newly developed centrifuge physical modeling system that involved the use of steady-state infiltration to maintain a uniform degree of saturation with depth in the sand layer. Both the model and experimental results show a nonlinear trend in surface settlement with degree of saturation, with a minimum value obtained for sand at a degree of saturation between 0.3 and 0.6.
Introduction
Extensive efforts have been made during the last few decades to address issues related to the seismic performance of geosystems. Important outcomes of these efforts include several methodologies developed to estimate the seismically induced settlement of freefield soil layers (Seed and Silver 1972; Lee and Albaisa 1974; Finn and Byrne 1976; Tokimatsu and Seed 1987; Pradel 1998) . These methodologies focused on either dry or water-saturated soil layers, because these conditions were believed to be the two worstcase scenarios for either void collapse or liquefaction, respectively. This has left a gap in the understanding of the fundamental mechanisms of seismically induced settlement of partially saturated soil layers. An understanding of the seismic response of partially saturated soil layers may provide important information as to why some geosystems behaved poorly during earthquakes while others fared better. Further, in seismically active zones in which partially saturated conditions are known to exist throughout the year, designing a building for water-saturated conditions in the underlying soil layers may be overconservative.
Two reasons that the seismic response of partially saturated soils has not been studied extensively are experimental difficulties in controlling the stress state and degree of saturation in physical models involving partially saturated soils during cyclic loading and a lack of a validated cyclic deformation mechanism for partially saturated soils. The response of partially saturated soils to seismic shaking differs from those of dry or saturated soils because (1) air-filled voids may collapse differently than water-filled voids during cyclic loading, (2) matric suction may resist the compression of air-filled voids, and (3) the mechanisms for generation and dissipation of excess pore water pressure may be different. The last topic is particularly complex because excess pore water pressure generation only occurs in the portion of voids that are water-filled, and because dissipation of excess pore water pressure is likely affected by the decreasing trend in hydraulic conductivity of partially saturated soil with decreasing degree of saturation.
Although fully coupled, effective stress-based approaches have been developed, such as that implemented for saturated soils in OpenSees by Yang et al. (2003) , simple methodologies that can be used in design also have relevance to the profession. Accordingly, the objective of this paper is to introduce an empirical methodology to estimate the seismically induced settlement of partially saturated sands that extends existing empirical relationships developed for saturated and dry sands to partially saturated conditions. The general framework and supporting basis of the new empirical methodology are presented in this paper, along with an evaluation of the impact of important parameters. Further, results from a series of centrifuge physical modeling tests performed by Ghayoomi (2011) are used to validate the response of the empirical model for free-field sand layers having a uniform degree of saturation with depth.
Background
Most early studies on the seismically induced settlement of sand were performed in dry conditions because it was believed that the settlement of moist sand is caused by compression of void space, and dry soils present the worst-case scenario from this perspective (D'Appolonia 1968; Youd 1970; Silver and Seed 1971) . After studying the effects of cyclic shear strain, number of cycles, confining pressure, and relative density on the settlement of dry sand layers using 1g shake table tests, Seed and Idriss (1970) and Seed and Silver (1972) developed an equivalent linear procedure to estimate the settlement of dry sand layer under earthquake shaking. Building on this work, Tokimatsu and Seed (1987) summarized the available seismically induced volumetric strain data, and Pradel (1998) fitted a series of empirical equations to the data to estimate the seismically induced settlement of dry sand. This collection of studies forms the basis of the methodology presented in this paper for partially saturated soils. Lee and Albaisa (1974) performed an early study on seismically induced settlement of saturated sands and found that the volumetric strain encountered after shaking could be correlated with the magnitude of accumulated pore water pressure, independent of the type of loading. They defined trends in cyclic volumetric strain for different values of the ratio between excess pore pressure and the initial effective stress (i.e., r u 5 Du=s 0 0 ). They also observed that dissipation of excess pore pressure will lead to the settlement of a sand layer (i.e., reconsolidation) even if the soil layer does not liquefy during shaking. Tokimatsu and Seed (1987) , Ishihara and Yoshimine (1992) , Wu and Seed (2004) , and Cetin et al. (2009) presented sets of experimental data with correlations between the volumetric strain, initial relative density, and cyclic stress ratio (induced shear stress divided by the initial effective stress) or cyclic shear strain to estimate the liquefaction-induced volumetric strain of soils.
Most of the work on the seismic compression of partially saturated soils involves element-scale tests (cyclic simple shear or cyclic triaxial) on silty-sand mixtures. Whang et al. (2005) tested silty-sand mixtures with degrees of saturation less than 0.6 in cyclic simple shear tests and observed the lowest vertical strain at a degree of saturation of 0.3. The observations of Whang et al. (2005) are consistent with trends between matric suction (or degree of saturation) and the small-strain shear modulus of partially saturated finegrained soils measured using bender element or resonant column tests (Cabarkapa et al. 1999; Mancuso et al. 2002; Kim et al. 2003; Inci et al. 2003; Mendoza et al. 2005; Vassallo et al. 2007; Sawangsuriya et al. 2009; Ng et al. 2009 ). Sawada et al. (2006) also evaluated volumetric strains for partially saturated silty-sands in undrained cyclic triaxial tests with seismic input motions and observed that specimens with a degree of saturation of 0.75 show lower seismic compression than specimens with a degree of saturation of 0.5. One issue, however, is their method of soil specimen preparation. To develop sandy specimens with constant void ratio but different initial degrees of saturation, wet tamping was used with varying compaction effort. Qian et al. (1991) and Wu et al. (1984) found that this may lead to different soil structures and corresponding effects on the dynamic soil properties.
Relatively few studies have been performed on seismic compression of partially saturated clean sands (Hsu and Vucetic 2004; Duku et al. 2008 ). Duku et al. (2008) used a strain-controlled cyclic simple shear test to evaluate the effect of different parameters on the seismic compression of clean sands, including the degree of saturation. A clear trend in the volumetric strain response was not observed with different degrees of saturation (even for dry conditions), which was attributed to the relatively low magnitudes of matric suction in clean sands before draining to residual saturation. However, this contradicts observed trends between degree of saturation and small strain shear modulus from suction-controlled resonant column and bender element tests in clean sands (Khosravi et al. 2010; . Duku et al. (2008) used a wet tamping method to reach different initial degrees of saturation for specimens with the same void ratio, so it is possible that different soil structures may have masked trends. It is also possible that the partially saturated sands approached saturation during cyclic shaking at higher amplitudes (Hsu and Vucetic 2004) . Consequently, the role of partially saturated conditions on seismic compression deserves further study for clean sands.
Empirical Methodology Development
Similar to the equivalent linear method proposed by Seed and Idriss (1971) , the empirical methodology for estimating the seismic settlement of partially saturated sand involves dividing a sand layer into n sublayers as shown in Fig. 1 . Each layer is assigned its own set of dynamic material properties (shear modulus G and damping ratio D). Because this methodology is intended to estimate the settlement of a free-field soil layer, the soil layer in Fig. 1 is assumed to act as a one-dimensional system. During application of a shaking event, the surface settlement of the sand layer is calculated by summation of the vertical compression of each sublayer:
where S 5 total surface settlement, ds i 5 partial settlement of each sublayer, ɛ vi 5 volumetric strain of each sublayer, h i 5 thickness of each sublayer, and n 5 number of sublayers. This equation assumes that the vertical strain is equal to the volumetric strain, which would be the case in a one-dimensional soil column with constant area (and is also the case in most element-scale tests). This assumption permits extension of previous empirical methodologies that are based on volumetric strain. The mechanisms of volumetric strain development in partially saturated sands during cyclic loading have features of those for dry and water-saturated sands, albeit with potential differences because of the impact of matric suction on the effective stress state. Similar to dry sands, the soil particles in partially saturated sands tend to rearrange to form a denser structure during seismic shaking. Further, during seismic shaking of saturated loose to medium dense sands in undrained conditions, the tendency for particle rearrangement leads to an increase in pore water pressure (Tokimatsu and Seed 1987) . Different from dry sand, the seismic settlement in saturated sand predominantly occurs after shaking has stopped because of reconsolidation associated with dissipation of excess pore water pressure (Tokimatsu and Seed 1987) . The settlement caused by postcyclic reconsolidation in partially saturated sand is expected to be much lower than in saturated sand because of the smaller magnitude of excess pore water pressure generation, except perhaps in partially saturated soils with high degrees of saturation. In midrange or low degrees of saturation, the seismic shaking is expected to only lead to an increase in the degree of saturation and corresponding decrease in the matric suction caused by the compression of voids. Hsu and Vucetic (2004) studied the settlement mechanisms in partially saturated sands through cyclic simple shear tests and observed an increase in the degree of saturation during loading as a result of compression of the voids. Seismic settlement in partially saturated sands is expected to have mechanisms similar to dry and saturated sands, with the added effect of matric suction.
Following this line of logic, the seismically induced volumetric strain of each sublayer in Fig. 1 can be estimated by summing the volumetric strains expected to occur because of seismic compression (ɛ v-compression ) and postcyclic reconsolidation associated with dissipation of excess pore water pressure (ɛ v-consolidation ) at the center of each sublayer:
This equation assumes the validity of the principle of superposition where the two mechanisms of volume change are uncoupled. The seismically induced volumetric strain caused by seismic compression in dry sand is a function of the effective induced shear strain, the relative density, and equivalent number of cycles representative of a given earthquake magnitude (Tokimatsu and Seed 1987) . The effect of confining stress is incorporated into the methodology through the induced shear strain. Although Dobry and Ladd (1980) discussed the advantages of strain-controlled tests, the methodology presented in this paper is based on the approach by Seed and Idriss (1970) , which depends on the induced cyclic stress ratio in the soil layer. Assuming the same mechanism for seismically induced settlement of partially saturated soil caused by compression of the voids, a term should be incorporated into this function to consider the effect of the degree of saturation. The partially saturated sand has smaller void air spaces than dry sand because of the presence of water in the void space. Conversely, the presence of interparticle contact forces in partially saturated sand resists compression. A general relationship for the volumetric strain caused by compression of the voids should incorporate the following variables:
where g e 5 effective shear strain, N 5 equivalent number of cycles associated with a given magnitude of earthquake, D r 5 relative density, and S r 5 degree of saturation. A higher relative density implies lower void space, in which case further seismically induced compression is not as likely for looser soils. Pradel (1998) estimated the value of ɛ v-compression by correlating the volumetric strain with the induced shear strain, Standard Penetration Test (SPT) blow counts, and the number of loading cycles based on the plots presented by Tokimatsu and Seed (1987) . Because SPT blow counts are often not available in in laboratory physical modeling tests, a relationship between relative density and SPT blow counts developed by Tokimatsu and Seed (1987) was incorporated into Pradel's equation.
Finally, a linear reduction factor for changes in the degree of saturation was incorporated to account for partially saturated conditions. The empirical relationship for ɛ v-compression is defined as follows: Although a soil-specific relationship between ɛ v-compression and degree of saturation may be defined instead of using the form shown in Eq. (4), a linear relationship was found to be the simplest choice while still providing realistic results. The linear relationship is reasonable because the compression of the void space is expected to be linearly related to the increase in degree of saturation. A key parameter in Eq. (4) that must be calculated for a given soil is the effective shear strain, g e . The value of g e indirectly represents the intensity of shaking (i.e., the induced shear stress) and the nonlinear shear modulus. Corresponding values of effective shear strain and shear modulus can be calculated using the updated effective stress by iteratively solving the relationship between stress and strain an equivalent linear system (g e 5 t e =G e ) and a shear modulus reduction function. The shear modulus reduction function can be estimated using the following equation (Stokoe et al. 2004) :
where G max 5 small strain shear modulus, g r 5 reference shear strain, and a 5 empirical constant. The values of g r and a are typically defined using torsional shear tests, and empirical relationships have been developed in different studies (Menq 2003) . If a 5 1, Eq. (5) reduces to the classic hyperbolic model originally investigated for soils by Kondner and Zelasko (1963) . The magnitude of G max can be estimated using an effective stress-dependent relationship as follows:
where s 0 m 5 mean effective stress, P a 5 atmospheric pressure, FðeÞ 5 empirical void ratio function, and A G and n G 5 empirical parameters. The values of A G and n G can be defined using a series of resonant column tests, bender element tests, or empirical relationships from the literature for different soils (Hardin and Richart 1963; Hardin and Drnevich 1972; .
The initial effective stress is another key parameter in estimating the material dynamic parameters and also in evaluating the seismically induced volumetric strain. The effective stress in partially saturated sand can be calculated using the parameters of the soilwater retention curve (SWRC) and the matric suction (i.e., represented as the difference between pore water and air pressures, u a À u w ) as follows (Lu et al. 2010 ):
where s 0 5 effective stress, s 5 total stress, u w 5 pore water pressure, u a 5 pore air pressure, and a vG and N vG 5 van Genuchten (1980) SWRC fitting parameters. Lu et al. (2010) found that if N vG is greater than 1.5, which is typical for sands, the suctionstress characteristic curve will increase up to a maximum value at JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / MARCH 2013 / 369 a midrange degree of saturation during drainage from saturation and then will decrease back to zero for lower degrees of saturation. The shape of the SSCC for sands (Khosravi et al. 2010) indicates that there will be an optimum degree of saturation at which the impact of matric suction on the effective stress will be greatest. For Ottawa F-75 sand, the value of N vG is 7, and a peak suction stress of ∼3 kPa occurs at a degree of saturation of 0.85. Although small in magnitude, this suction stress leads to appreciable changes in small-strain shear modulus .
After selecting the shear modulus at each sublayer using Eq. (5), the induced shear stress can be calculated using the equation proposed by Seed and Idriss (1971) , as follows:
where g 5 gravitational acceleration, a PSA 5 maximum induced horizontal peak surface acceleration, s 0 5 initial total stress, r d 5 depth-dependent reduction function, and C e 5 constant. Seed and Idriss (1971) suggested values of C e 5 0:65 for earthquake loads and C e 5 1 for cyclic loads. The stress-strain relationship (g 5 t/G) is used to infer the induced shear stress and shear strain for an initial value of shear modulus. The shear modulus may then be updated based on the induced shear strain calculated in the previous iteration. This iterative process is continued until consistent values of shear modulus and shear strain are achieved. The settlement of a partially saturated sand layer caused by consolidation can be estimated on the basis of the estimated magnitude of pore water pressure generated. Assuming the same mechanism for seismic settlement caused by consolidation in partially saturated and fully saturated sands, the volumetric strain caused by consolidation is expected to be a function of the following parameters:
The value of r u depends on the cyclic stress ratio (CSR), the number of loading cycles, and the void ratio. The value of r u for saturated sand can be estimated using empirical relations, as follows (Kramer 1996) :
where N 5 number of loading cycles, N L-sat 5 number of cycles required to reach liquefaction at any CSR value (Seed and Lee 1965) , and a 5 fitting parameter. The value of a is assumed to be 0.7 based on the data of Seed and Lee (1965) . Measuring the pore pressure change during dynamic testing of partially saturated soils is difficult and requires custom pore water pressure sensors with an appropriate air-entry suction that permits suction measurements while not leading to significant time lags (Muraleetharan and Granger 1999) . The pore water pressure response of sand layers to dynamic loading has been reported by Yegian et al. (2007) , who found lower r u values for unsaturated soils. However, their measurements were limited and do not cover a wide range of degree of saturation. Although further research should be performed on pore water pressure generation in unsaturated soils, the value of r u for partially saturated sand may be estimated by assuming that the value of r u is related to that for saturated sand under the same conditions through a power function involving the degree of saturation:
where r u-sat 5 pore pressure ratio in a water-saturated soil specimen. The n parameter can be defined by measuring the value of r u during a cyclic element scale test or a seismic physical modeling test. Because these types of data are not available for clean sands, this parameter can be estimated from data reported by Yoshimi et al. (1989) . As a result of the direct dependence of liquefaction to pore pressure ratio and availability of data showing the liquefaction resistance of partially saturated soil, the pore pressure ratio is inversely correlated with liquefaction resistance in this study. A value of n 5 3:5 was defined by fitting Eq. (11) to the liquefaction resistance of partially saturated sand reported by Yoshimi et al. (1989) , as shown in Fig. 2(a) .
The volumetric stain caused by consolidation in a partially saturated sand layer is assumed to be a function of the volumetric strain caused by liquefaction of the same sand in saturated conditions. The trends in the ratio between these two parameters as a function of the pore water pressure ratio reported by Lee and Albaisa (1974) , shown in Fig. 2(b) , were synthesized to define the following empirical relationship:
This equation is consistent for volumetric strain measurement for different confining stresses. The value of ɛ v-liquefied to use in Eq. (12) for a given sand having a certain CSR and SPT blow count can be estimated using trends defined by either Tokimatsu and Seed (1987) or Wu and Seed (2004) , which are shown in Figs. 3(a and b) , respectively. It can also be determined using the postcyclic reconsolidation data by Ishihara and Yoshimine (1992) . The Fig. 2 . Development of input parameters: (a) ratio of r u value for partially saturated sand having different values of S r to that of saturated sand (data from Yoshimi et al. 1989 ); (b) ratio of volumetric strain during consolidation strain for different r u values to that for liquefied conditions (data from Lee and Albaisa 1974) relationship between relative density and SPT blow count proposed by Tokimatsu and Seed (1987) can be used in these figures as well.
Parametric Evaluation of Seismically Induced Settlements
Because of the high level of empiricism in the relationships presented in the previous section, it is important to evaluate the impact of the different components on the seismic compression. The baseline parameters for a parametric evaluation of the methodology are listed in Table 1 and were defined for a layer of F-75 Ottawa sand with a relative density of 45%. The grain size distribution and soil water retention curve (SWRC) of F-75 Ottawa sand are reported by . A uniform degree of saturation with depth was used to evaluate the methodology, which corresponds to the case of steady-state infiltration through the sand layer.
The seismically induced settlement predicted using the empirical methodology for sand layers having degrees of saturation ranging from 0.0 to 1.0 is presented in Fig. 4 . The predicted surface settlements caused by compression (S compression ) and consolidation (S consolidation ) are also shown separately in this figure to highlight their relative impacts on the total settlement (S). As expected, the methodology indicates a decreasing trend in surface settlement caused by compression and an increasing trend in settlement caused by consolidation with increasing degree of saturation. The total seismically induced settlement exhibits a nonlinear trend with a minimum settlement at a degree of saturation between 0.6 and 0.8. The observations in Fig. 3 are consistent with observations that partially saturated sands have a higher stiffness and strength because of the impact of interparticle stresses caused by capillary tension (Qian et al. 1991; Wu et al. 1984; Lu et al. 2010) .
The impacts of different variables on the total settlement are shown in Fig. 5 for the baseline parameters listed in Table 1 . The impact of the relationship for G max on the seismically induced settlement of partially saturated sand is presented in Fig. 5(a) . The model of was fit to bender element measurements of G max for F-75 Ottawa sand having a range of degrees of saturation and generally predicts a lower magnitude of G max than the relationship for dry sand of Hardin and Richart (1963) . The magnitude of G max was found to have the greatest impact at low degrees of saturation and can lead to a difference in settlement of up to 70%. The impact of the a parameter in the shear modulus reduction function is shown in Fig. 5(b) . Values of a reported in the literature range from 1 for the hyperbolic model of Kondner and Zelasko (1963) and Hardin and Drnevich (1972) to 0.82 for the relationship proposed by Menq (2003) . Small changes in this parameter lead to different rates of decrease in the shear modulus with increasing strain amplitude, leading to significant changes in total settlement. This is especially the case at low degrees of saturation where the effect of the compression mechanism is prevalent. The impact of the relationship used to estimate the seismically induced volumetric strain of saturated sands during liquefaction is shown in Fig. 5(c) . The values of ɛ v-liquefied defined using the relationships of Tokimatsu and Seed (1987) were found to lead to lower settlements than those defined using the relationships of Wu and Seed (2004) . Unlike the other parameters, the value of ɛ v-liquefied has the greatest impact for soils near saturation. The impact of the parameters for the power law relationship used to estimate the pore water pressure ratio r u for partially saturated sand is shown in Fig. 5(d) . An increase in the exponent from 1.5 to 3.5 is found to lead to a decrease in total settlement for high degrees of saturation.
Overall, the results shown in Fig. 5 emphasize the significant impacts that the various empirical relationships incorporated into the methodology can have on the predicted settlement. This uncertainty may be minimized by defining soil-specific parameters through cyclic simple shear and resonant column testing. Nonetheless, the nonlinear trends observed in all the predicted settlement curves further emphasizes that partial saturation can have a significant impact on the seismically induced settlement of sand layers.
Validation of Predictions of Seismically Induced Settlement of Partially Saturated Sand Layers
Although the parametric evaluation of the empirical methodology indicates that it provides logical trends in seismically induced settlements for partially saturated sand layers, it is important to validate experimentally the magnitude and trend of the estimated settlements. The documented cases of instrumented partially saturated soil layers contain the water content profile either at the time of compaction or after the earthquake (Wartman et al. 2003; Stewart et al. 2004) . Although useful, the results from centrifuge physical modeling tests such as those described by may be better to validate the methodology because they involve volumetric water content measurements immediately prior to shaking. The approach of involved the use of steadystate infiltration into a sand layer confined within a laminar container to maintain a uniform suction profile throughout the height of the soil layer during centrifugation and cyclic loading.
Ghayoomi (2011) measured the settlement of a series of sand layers having initial thicknesses of 15.87 cm and initial degrees of saturation ranging from 0 to 1 during cyclic shaking at different magnitudes while spinning in the centrifuge at a g-level of 40g. Specifically, 15 cycles of sinusoidal shaking at a frequency of 40 Hz (equivalent to 1 Hz in prototype scale) were applied to the base of the laminar container. The applied cyclic loads caused maximum Fig. 5 . Parametric evaluation of the empirical model for total surface settlement of partially saturated sand layers highlighting the effects of different variables for the soil properties and geometry parameters listed in Table 1 and a PSA 5 0:65g: (a) small-strain shear modulus; (b) parameter a in shear modulus reduction function; (c) magnitude of liquefaction-induced volumetric strain; (d) r u function model-scale amplitudes of ∼26 and 22g at the soil surface, equivalent to prototype-scale amplitudes of 0.65 and 0.55g, respectively. The induced accelerations were measured at the base and surface of the soil layer, as well as at a depth of 7.3 cm from the surface. The variation in peak surface acceleration (a PSA ) with degree of saturation for cyclic amplitude of around 26 and 22g is shown in Figs.  6(a and b) , respectively. The lines in this figure highlight the overall trend in the data and separate the boundaries between the data from the two different depths. Although the same voltage amplitude was supplied to the shake table in all the tests at a target cyclic amplitude, the induced accelerations varied from test to test. This scatter was caused by the hydraulic performance of the shake table, which is sensitive to the container weight. Although the data are scattered, there is an overall decreasing trend in the peak surface acceleration with increasing degree of saturation. This trend would be a result of the change in the mass of the soil in a higher degree of saturation, as well as the presence of stiffer soils caused by the capillarity effect in the midrange degree of saturation (Wu et al. 1984) .
Seismically induced shear strain is also an important parameter affecting the seismic compression response. Hence, studying the variation of the induced shear strain with different variant parameters (e.g., degree of saturation) could be very insightful. Zeghal et al. (1995) used an array of accelerometers to indirectly estimate the induced shear strain profile in the soil layer. However, the available instrumentation was not sufficient to discern variations of strain demands with the test variants considered (degree of saturation, pore fluid type, etc.).
Because the suction value was maintained nearly constant with depth using steady-state infiltration, the variation in effective stress with depth calculated using Eq. (7) is due mainly to the variation in total stress with depth. This condition was valid for all dry and partially saturated sand conditions except in the case of the saturated sand layer. In this case, hydrostatic conditions were present, and the effective stress varied with depth because of changes in both total stress and pore water pressure. Ghayoomi (2011) found that most of the settlement occurred during cyclic loading except in the case of the saturated specimens. Conversely, in the saturated specimen, settlement occurred both during and after cyclic loading as a result of consolidation caused by dissipation of excess pore pressure. Although the volume change in an undrained test should be zero, settlement that was observed during cyclic loading can be attributed to partial drainage (Hsu and Vucetic 2004; Dashti et al. 2010) . Although Metolose was used as an alternate pore fluid in some of the saturated specimens, water was used as the primary pore fluid in all partially saturated sand layers to maintain the linkage between hydraulic and mechanical behavior described in the effective stress equation for unsaturated soils [Eq. (7)] and for ease of controlling infiltration.
The variation in measured total settlement for sand layers having different degrees of saturation is shown in Figs. 7(a and b) , which include data from tests with target values of peak surface acceleration amplitude of 26 and 22g, respectively. A nonlinear trend in the seismically induced settlement in the sand layer is observed with the degree of saturation. The scatter observed in the data in Figs. 7(a and b) at a middle range degree of saturation is attributed to variation in the induced accelerations shown in Figs. 6(a and b) . Consequently, to obtain a more meaningful set of data, the settlement results were normalized to evaluate soil layers that had been shaken with the same amount of energy. Specifically, the settlement values were normalized by multiplying by the ratio between the peak surface acceleration of dry sand and the peak surface acceleration obtained in a given test: 
where S aPSA 5 normalized settlement, and S 5 measured surface settlement. The normalized settlements for specimens evaluated for target values of a PSA of 26g normalized using Eq. (13) are shown in Fig. 8 . A clear nonlinear trend in seismically induced settlement is observed in this figure, with a minimum value of settlement at a degree of saturation between 0.3 and 0.6. This trend is in agreement with the data of Wu et al. (1984) , where the soil was reported to be stiffer in this range of degree of saturation. The normalized results from the tests performed with a different target a PSA of 22g are also plotted in Fig. 8 . Because the same trend is observed in the normalized data regardless of the target a PSA , the normalization concept is deemed to be appropriate. Dewoolkar et al. (1999) discussed the impact of different scaling relations for time in centrifuge modeling when evaluating changes in pore water pressure caused by dynamic and diffusion phenomena. Both of these mechanisms are expected during cyclic loading of partially saturated sand models; time scaling is an important issue when extrapolating the model-scale measurements in Fig. 8 to prototype-scale conditions. Arulanandan et al. (1983) and Dief and Figueroa (2003) indicated that the dissipation of pore pressure after shaking is closely related to the viscosity of the pore fluid. Accordingly, if a more viscous pore fluid had been used, its major effect would have been on the rate of the settlement caused by dissipation of pore water pressure instead of the total settlement after shaking. The viscosity of the pore fluid will have the greatest impact when partial drainage occurs (Dashti et al. 2010) , which was only noted in some of the tests that were saturated or nearly saturated.
To evaluate the impact of the time scaling conflict for saturated soil layers, tests were performed using Metolose solution with a concentration of 1.8% by weight (i.e., weight of the Metolose powder to weight of the water) as an alternate pore fluid. This concentration corresponds to a viscosity that is 40 times more than that of water while still leading to a soil layer having the same density and shear strength (Dewoolkar et al. 1999 ). The measured settlement for the saturated specimen with Metolose and the results obtained from the tests with water as the pore fluid are shown together in Fig. 9 . The settlement of the layer of the sand saturated with Metolose was found to be lower than the value of the layer of the sand saturated with water under the same cyclic loading conditions. The lower settlement for Metolose saturated sand confirms that partial drainage during shaking of saturated sand layers can be an issue. The slower drainage of Metolose leads to smaller settlement during shaking, and the consolidation mechanism dominates the magnitude of total settlement after shaking stops. However, using more viscous pore fluid affects only the rate of settlement after shaking and not the amount of settlement after shaking. Although the settlement value of a water-saturated prototype soil layer in the field is expected to be closer to the Metolose point than to the watersaturated point in Fig. 8 , the Metolose point still falls on a clear nonlinear trend with data from tests on soils with lower degrees of saturation.
Empirical Model Validation
Visual comparison of the normalized seismically induced settlement data from the centrifuge tests and the empirical methodology indicates a similarity in the trend of settlement of partially saturated sand layers. The differences can be attributed to the uncertainty in the parameters and empirical equations of the methodology. Although soil-specific tests were performed on the sand tested by Ghayoomi (2011) , the goal of the validation process was to evaluate whether the methodology was capable of predicting the results for the established empirical relationships.
The combination of the four major parameters evaluated in Fig. 4 , which led to the best fit to the measured settlement data in prototype-scale, is shown in Fig. 9 . Specifically, the value of G max from was used, the value of a from the hyperbolic model of Kondner and Zelasko (1963) was used, ɛ v-liquefied was defined from the graphical relationships of Wu and Seed (2004) shown in Fig. 2(b) , and n was assumed to be 1.5 in the r u equation. The rest of the input parameters were similar to the ones in Table 1 . The comparison in Fig. 9 indicates that the predicted settlements are in the appropriate range of magnitude compared with the measured settlements, and a good fit is obtained for dry and Metolose-saturated cases. The model generally underpredicts the amount of settlement at midrange values of degree of saturation. This observation could be because of partial drainage in the experiments for soil layers that had a degree of saturation greater than 0.5. Nonetheless, the empirical methodology provides a useful means of estimating the magnitude of seismically induced settlement in partially saturated sand. Although there are uncertainties in the selection of the empirical equations used in the introduced methodology, it can provide an insightful guide for future research.
Conclusions
An empirical methodology was developed in this paper to predict the seismically induced settlement of a free-field layer of partially saturated sand. Although it was possible to define soil-specific empirical relationships, available empirical relationships governing the mechanisms of settlement of dry and saturated sand during earthquake shaking were extended to capture the seismically induced settlement of a sand layer in partially saturation conditions. This methodology incorporated the influence of effective stress, degree of saturation (or suction), dynamic material properties, and pore water pressure generation on the total surface settlement, which is assumed to be related to the superposition of settlements related to compression of voids and consolidation associated with dissipation of excess pore water pressure.
The predicted settlement showed a nonlinear trend with a minimum settlement at a range degree of saturation between 0.3 and 0.6, which corresponds well with measured settlement values in centrifuge physical modeling tests. A sensitivity analysis emphasized the role of material input parameters and empirical relationships in predicting the trend and magnitude of settlement with degree of saturation. The use of a more viscous pore fluid was found to lead to lower surface settlements for saturated sand layers, which indicates that experimental results for nearly saturated soil layers could have issues as a result of settlement associated with partial drainage during shaking. Nonetheless, improved results could be obtained through soil-specific determination of the input parameters and empirical relationships.
